Preclinical and early clinical trials indicate synthetic oligodeoxynucleotides containing unmethylated CG dinucleotides (CpG ODN) have potent immunostimulatory effects and can enhance the anticancer activity of a variety of cancer treatments. Synergy between CpG ODN and monoclonal antibodies has been noted in various preclinical models. Early clinical trials indicate CpG ODN and monoclonal antibodies can be administered safely together. Preclinical models indicate CpG ODN can enhance the anti-tumor activity of both chemotherapy and radiation therapy. Thus, one possible approach to the use of CpG ODN was to use it in combination with cytotoxic chemotherapy with the goal of enhancing presentation of tumor antigen from dying cancer cells. Promising results in a randomized phase II trial in patients with non-small cell lung cancer led to initiation of two large randomized phase III trials comparing CpG ODN plus chemotherapy to chemotherapy alone. Unfortunately, interim analysis of these trials indicated CpG ODN was unlikely to enhance efficacy of chemotherapy, and they were stopped. CpG ODN also holds promise as a component of cancer vaccines including those composed of protein antigen, peptides, whole tumor cells, and antigenpulsed dendritic cells. Finally, CpG ODN has been combined with a variety of cytokines to enhance NK activation, promote development of an active anti-tumor immune response or induce apoptosis of malignant cells that express the TLR9 receptor. Overall, both preclinical and early clinical trials suggest CpG ODN may be a valuable component of a variety of approaches to cancer therapy. However, clinical development of this recently discovered, novel class of immunostimulatory agents is just beginning, and we still have much to learn about the optimal approach to their use, and their potential.
Introduction
Over a hundred years have passed since the first anti-tumor effects of bacteria were identified by New York surgeon Dr. William Coley. His bacterial extracts were named after him and are now known as Coley's toxin. Over the past decade we have learned that one component of these bacterial extracts, the prokaryotic bacterial DNA itself, has immunostimulatory properties due to sequence characteristics that are distinct from those found in eukaryotic DNA (1) . Multiple studies have demonstrated that bacterial DNA, and synthetic oligodeoxynucleotides that contain unmethylated CG dinucleotides (CpG ODN), and a phosphorothioate or chimeric backbone that renders them nuclease resistant, have potent immunostimulatory effects. The pattern recognition receptor Toll-Like Receptor (TLR) 9 has been found to be the primary receptor for CpG ODN (2) . The complex immunologic responses to CpG ODN by various immune cell subsets involve both direct and indirect effects, resulting in the activation of NK cells, T cells, B cells, monocytes, macrophages and dendritic cells (3) (4) (5) .
TLR9 is a key pattern receptor that impacts on innate immunity, and on how the innate immune system interacts with adaptive immunity in both murine and the human immune systems. However, mice and humans are distinct with respect to the expression pattern of TLR9. This, and other differences between species, results in differences in the overall immune response of mice and humans to CpG ODN (6) . This important observation is key to appropriate interpretation of the clinical significance of animal model results. For example, CpG ODN have impressive effects as single agents in various mouse tumor models (7) (8) (9) . While clinical responses have been seen in early studies of single agent CpG ODN in human cancer, clinical results have been less impressive to date than those seen in preclinical studies. Despite this, CpG ODN can have clinical anti-tumor activity in humans and are likely to become valuable components of cancer therapy as we learn more about them.
The most extensively studied CpG ODN in the clinic is now known as PF-3512676 (also known as CpG ODN 2006, CPG 7909 and ProMune). A recently finished phase I clinical trial with this agent in 24 patients with recurrent glioblastoma demonstrated preliminary evidence of anti-tumor activity in two patients (10) . We reported results from a phase I clinical trial in 23 patients with previously treated non-Hodgkin lymphoma, in which this agent was delivered as intravenous infusion. We found variable, but convincing signs of an immunologic response in some but not all subjects, and late clinical responses in two subjects (11) . Anti-tumor activity in a minority of subjects has been found in Phase II studies with weekly doses of CpG ODN as a single agent in cutaneous T-cell lymphoma (12) , melanoma (13, 14) , and in renal cell carcinoma. Thus, CpG ODN does have modest anti-tumor activity as a single agent.
Animal models suggest CpG ODN may be more useful as a component of multiagent therapy for cancer rather than as a single agent. Promising combinations include CpG ODN with 1) monoclonal antibody therapy, 2) chemotherapy, 3) radiation therapy, 4) vaccination strategies and 5) cytokines including GM-CSF, IFN-alpha, IL-18 and IL-21. In this review, we focus on these five approaches to combination cancer therapy utilizing CpG ODN, and also discuss our own recent findings of the synergistic effects of CpG ODN and Interleukin 21 (IL-21) on B chronic lymphocytic leukemia cells. For a more general review about the therapeutic potential of CpG ODN see (15) .
1) CpG ODN and therapeutic monoclonal antibodies
The rationale for combining CpG ODN and therapeutic monoclonal antibodies antibodies (mAb) arose from a number of observations. One of the earliest effects observed for CpG ODN administered in vivo was an increase in NK activity (16) . This appears to be due to the ability of CpG ODN to induce production of IFNα by dendritic cells. Growing evidence suggests NK cells, and their ability to mediate antibody dependent cellular cytotoxicity (ADCC), are key mediators of the anti-tumor effects of mAb. Thus, activating NK cells with CpG ODN could potentiate the efficacy of mAb. We demonstrated synergy between CpG ODN and mAb several years ago in a syngeneic murine model (8) and that CpG ODN that are particularly potent at inducing IFNα are particularly good at enhancing the anti-tumor effects of mAb mediated by NK cells (17) . More recent studies using human xenografts and other systems have extended these findings. MCF-7 and BT474 xenografts, and breast cancer expressing human Her2neu were found to be responsive to the anti-Her2neu antibody Herceptin when used in combination with CpG ODN (18) .
A particularly promising combination is CpG ODN plus rituximab, an antibody directed against CD20, which is expressed on malignant and normal B cells. We found that CpG ODN can enhance the expression of CD20 on various types of B-cell lymphoma (19) . Thus, CpG ODN may enhance efficacy of rituximab by both activating NK cells, and increasing expression of the target antigen. Friedberg et al. conducted a phase I clinical trial evaluating 4 dose levels of a CpG ODN (1018 ISS) with rituximab in 20 patients with relapsed non-Hodgkin lymphoma (NHL) (20) . Patients received CpG ODN once a week for 4 weeks beginning after the second of 4 rituximab infusions. Quantitative real time PCR showed a CpG ODN dose-dependent increase of several interferon-inducible genes after CpG ODN administration including 2'5' oligoadenylate synthetase (OAS), monocyte chemotactic proteins (MCP) 1 and 2, and IFN-γ-inducible protein 10 (IP-10). We recently completed a phase I trial using a different CpG ODN with rituximab (21) with similar results. Both studies demonstrated the combination of CpG ODN plus rituximab can be administered safely. It is still too early to assess whether clinical response from CpG ODN plus rituximab is greater than that seen with rituximab alone. This will be a difficult question to answer since rituximab is now most commonly used in combination with other agents.
2) CpG ODN and chemotherapy
When the immunostimulatory effects of CpG ODN were first described, it was assumed that these agents would not be effective when used in combination with standard chemotherapy because of the immunosuppressive effects of many cytotoxic agents. In fact, recent studies have brought surprises in terms of the positive effects immunomodulation can have on conventional therapies. Weigel et al found that the combination of chemotherapy plus CpG ODN decreased the frequency of distant metastasis in a mouse model of sarcoma (22) . Pratesi et al. studied an orthotopic mouse model of a human pancreatic tumor xenograft (23) . Chemotherapy with gemcitabine was followed by weekly therapy with CpG ODN. The combination delayed tumor growth and increased survival time. Tumor spread in the peritoneal cavity was reduced with the combination compared to gemcitabine alone. Van (25) . Patients were randomized 2:1 and received 4 -6 three-week cycles of a standard taxane and platinum plus PF-3512676 on weeks 2 and 3 of each cycle or chemotherapy alone. Each dose of PF-3512676 was given s.c. at 0.20 mg/kg. The overall response rate was 40% in the presence of PF-3512676 versus 23% with chemotherapy alone. The Kaplan-Meyer curves showed a trend to improved progression-free survival and overall survival (12.2 months vs. 6.8 months). The most common adverse events directly attributable to PF-3512676 were mild to moderate local injection site reactions, and mild flu-like symptoms. Objective interpretation of this study requires consideration of the limitations of randomized phase II studies. Nevertheless, these results were encouraging, and led to design of two more rigorous phase III trials initiated in late 2005 by Pfizer designed to compare standard of care chemotherapy (paclitaxel/carboplatin or gemcitabine/cisplatin) to chemotherapy plus PF-3512676 as first-line treatment in patients with advanced non-small cell lung cancer. Each of the two Phase III clinical trials enrolled approximately 800 adult patients with Stage IIIb or IV disease who have not received prior chemotherapy or immunotherapy treatment. The primary endpoint for these Phase III clinical trials was overall survival, with secondary endpoints of overall confirmed objective response rate, duration of response, progression-free survival and time to tumor progression. A scheduled interim analysis of one of the Phase III clinical trials showed no evidence that PF-3512676 produced additional clinical efficacy over that achieved with the standard cytotoxic chemotherapy regimen alone and the trial was discontinued (June 20, 2007 press release, Coley Pharmaceutical Group). The negative result from this highly ambitious trial suggests combining CpG ODN with chemotherapy of TLR9-negative, relatively chemotherapy resistant malignancies may not be the best approach to the therapeutic use of this potent new class of agents.
In retrospect, non-small cell lung cancer, a malignancy that is known to be relatively refractory to cytotoxic chemotherapy, may not have been the best choice as a disease site for testing such a novel approach to therapy. B cell malignancies would seem to be more attractive as targets for combination CpG ODN and chemotherapy as they express TLR9 and respond to CpG ODN by undergoing apoptosis, and also respond more consistently to cytotoxicity chemotherapy.
3) CpG ODN and radiation
The sensitizing effect of CpG ODN is not limited to chemotherapeutic agents but can also be observed with radiation. Experiments in murine models suggest CpG ODN can enhance the response to radiation treatment for both immunogenic (26) and non-immunogenic tumors (27) . The combination of CpG ODN with radiation and chemotherapy can also be effective. For example, recent studies indicate treatment with CpG ODN enhances the response and improves the cure rate of murine tumors treated with the combination of radiation and docetaxel (28) . Treatment with either CpG ODN or radiotherapy alone induced complete tumor remissions in one-third of rats inoculated with the 9L glioma. When both treatments were combined, complete tumor remission was achieved in two-thirds of the animals (29).
Wei and colleagues recently reported preliminary results of a phase I/II study exploring the injection of PF-3512676 into irradiated lymph nodes of patients with low grade lymphoma. (30) We are conducting a phase I clinical trial of the combination of PF-3512676 with radiolabeled anti-CD20 mAb in subjects with B cell lymphoma. It is still too early to know about the efficacy of approaches that combine radiation and CpG ODN, but preliminary results suggest this approach is worth pursuing further.
The hypothesis that is the basis for exploring combinations of CpG ODN with cytotoxic therapies is that dendritic cells (DC) acquire antigens released from the tumor cells after cytotoxic therapy. These DCs then migrate to the regional lymph nodes where they encounter and activate tumor-specific cytotoxic T cells. In this system, the primary effect of CpG ODN is to enhance activation, antigen uptake and maturation of the DC. This concept is supported by a recent report from Den Brok et al. who showed that in situ cryoablation of different murine tumors and CpG ODN treatment synergize in inducing dendritic cell maturation and efficient cross-presentation in tumor-bearing mice, leading to superior DC function in vivo (31) . The combination of cryoablation plus CpG ODN was more effective in the eradication of local and systemic tumors than either treatment modality alone. The authors favor the concept that in situ tumor destruction in combination with CpG ODN administration creates a unique "in situ DC vaccine" that would be readily applicable in the clinic.
4) CpG ODN and vaccination strategies
The effect of CpG ODN on antigen presenting cells suggests this class of agents may be useful in combination with vaccination strategies. Indeed, animal studies as well as clinical trials have demonstrated that CpG ODN can enhance both the humoral and cellular immune response to anti-viral vaccines (32, 33) . In 1997 we evaluated the effect of CpG ODN in a murine model using the lymphoma idiotype as a tumor specific antigen in immunocompetent mice. CpG ODN was able to enhance the immune and therapeutic response in this prophylactic tumor vaccination model (34) . Prophylactic cancer vaccines are most likely to be useful for virally induced cancers. Recently, Gendron et al evaluated the effect of CpG ODN on tumors induced by human papilloma-virus (HPV). Mice were vaccinated with HPV 16 E7 peptide with and without CpG ODN (35) . The combination was more effective not only in a prophylactic setting but also in tumor-bearing mice. Tetramer analysis demonstrated increased numbers of activated, E7-specific lymphocytes in the spleens and tumors of animals treated with the combination vaccine when compared with controls.
An additional challenge with any cancer vaccine is the ability to break tolerance. Mukherjee et al. were able to induce an immunologic and tumor response against MUC1-expressing colon cancer by immunizing transgenic MUC1-positive mice with a combination of class I and class II restricted MUC1 peptides, GM-CSF and CpG ODN (36) . Combinations of immunostimulatory agents may be required to induce the most robust immune response. Preliminary preclinical studies of combinations suggest CpG ODN can contribute to enhancing immune responses more effectively than immune adjuvants currently being developed for clinical use (37) . A recent finding of our own laboratory is the synergistic relationship between CpG ODN and another member of the IL-2 family of cytokines, interleukin 21 (IL-21). We found that CpG ODN plus IL-21 are able to turn malignant B cells from patients with chronic lymphocytic leukemia (B-CLL) into Granzyme B-secreting cytotoxic cells (43) . These cells not only underwent apoptosis but were also able to induce apoptosis of untreated autologous bystander B-CLL cells in a granzyme B-dependent manner. Our data also suggest the ability to induce production of functional granzyme B by B cells after CpG ODN/IL-21 treatment could open new approaches to the therapy of B-CLL and other B cell disorders.
In summary, we have learned much about the immunologic effects of immunostimulatory CpG ODN in the 12 years since this novel class of agents was first described. CpG ODN can enhance tumor antigen presentation and T cell response when administered as an adjuvant with cancer vaccines or following antigen release that results from standard cytotoxic treatments such as chemotherapy or radiation. It can induce production from dendritic cells of cytokines such as IFN alpha which lead NK cell activation. These activated NK cells can mediate enhanced antibody dependent cellular cytotoxicity or direct killing of NK sensitive cancers. CpG ODN can also lead directly to activation-induced cell death of TLR9 positive B cell malignancies (Figure 1) . Early clinical trials indicate CpG ODN can have anti-tumor effects as well. While a highly ambitious clinical trial exploring the combination of CpG ODN and chemotherapy as a treatment for non-small cell lung cancer failed to show CpG ODN added clinical benefit, strategies combining CpG ODN with other anti-cancer treatments remain attractive. We still have much to learn about CpG ODN, and which of the very large number of possible approaches to their use is likely to be most effective clinically. Continued preclinical studies, and clinical trials with rigorous laboratory correlates, will be required if we are to determine whether the promising preclinical anti-cancer effects of CpG ODN can be translated into a clinical reality. 
